This paper presents the results of a study designed to evaluate the filtration performance of nonwoven filtration media which have been loaded with a variety of biocides for use as potential indoor air filters. A test stand was constructed based on a modification of the ASTM 1215 Standard to provide testing of the bacterial removal efficiency of the filtration media. Biocide-loaded filtration media were first tested on an ASTM 1215 test stand using standard monodispersed latex spheres to determine the particle removal efficiency as a function of particle sizes in the 0.5 to 2.0 micrometer sizes. A multichannel optical particle counter was used to assess the efficiency. Additional samples of the same media were then tested in the modified ASTM 1215 test stand, referred to as the Biocontaminant Indoor Air Quality Test Stand (BIAQTS) by atomizing bacteria (Gram positive and Gram negative) and fungi into the test stand. Initial bacterial testing was conducted using single-stage microbial samplers to determine the efficiency of filters for removing Escherichia coli (E. coli) bacteria and other bacteria. In addition to testing the filtration efficiency, additional tests were conducted on samples of the filter by placing small disk samples of the unexposed biocide-loaded filters and a non-loaded control filter onto microorganism-loaded agar in petri dishes. Microorganisms studied included four bacteria, a fungus, and an opportunistic pathogen. The samples were then incubated and quantitative analyses were conducted to determine the zone of inhibited growth of the microorganisms around the disks due to the biocide treatments which were applied to the filters.
Introduction
A number of studies have been conducted in which concentrations of bacteria have been measured in both ambient (outside) air and in the indoor environment. Meyer (1983) provided a summary of research efforts involved in measuring the concentration of bacteria. In 1899 measurements in Paris showed concentrations of 200 microbes/m 3 in the winter and nearly 12,000/m 3 in the summer. Lighthart and Shaffer reported in 1995 that concentrations of airborne bacteria had a maximum concentration of 1,368 colony forming units (CFU) per m 3 with a 24 hour mean of 121 CFU/m 3 when measured above a grass seed field in Oregon. Walsh et al. (1984) reported that a concentration of 4000 CFU/m 3 was found in an outdoor environment. Walsh further reported that concentrations were found to be 7.6 to 14.25 times greater in the indoor environment than in the outdoor environment. Reports of bacteria concentrations as high as 10 5 to 10 6 have been observed in factories involved with the processing of cotton, and in factories processing vegetables and mushrooms. Based on the above broad ranges, it is reasonable to expect that values of at least 300-500 CFU/m 3 should be present at the very minimum in a typical indoor environment, with concentrations reaching much higher values at times. that the air makes multiple passes through the filters (Wadden and Sheff, 1983) . In a series of tests on 10 different commercially available indoor air filters, Davis et al. (1994) showed that filter efficiencies ranged from 2 to 30% on 0.6 mm particles up to 35 to 90% on 4 mm particles, dependent on the filter and the air velocity through the filters. While the filters can effectively remove a significant portion of the particles in the air, including bacteria and other organisms, the filters can also provide sites for growth of microorganisms, particularly in humid air streams.
The objectives of this study were to evaluate the effectiveness of biocide-loaded filters in 1) removing bacteria from the air stream, 2) preventing the growth of bacteria which were collected on the surfaces of the filter, and 3) to determine if the filters actually affected the potential growth of bacteria which passed through the media uncollected. To accomplish these objectives, filters were manufactured which 1) contained selected biocides within the polypropylene mix which was used to manufacture the fibers, referred to as impregnated biocide, and 2) in which the biocide was applied as a topical coating onto the fibers of the filter.
Description of Test Stands
The filters developed in this study were tested on two different filtration efficiency test stands. The first test stand was an ASTM 1215 test stand housed in the Indoor Air Quality Laboratory housed in the Department of Civil and Environmental Engineering at the University of Tennessee and constructed by the authors. The test stand allows for the evaluation of the filtration efficiency of flat filter media at velocities of 1 to 300 cm/s for monodispersed polystyrene latex (PSL) spheres with particle sizes of 0.5 to 3 µm. The ASTM 1215 Method and test stand are described in detail by ASTM 1215 (1989) , and Davis (1994) . The test stand was similar to that shown in Figure 1 , except that it was only used for testing of PSL spheres and di-octyl phthalate (DOP).
Figure 1 BIOCONTAMINANT INDOOR AIR QUALITY (BIAQ) TEST CHAMBER
The second test stand, referred to as a Biocontaminant Indoor Air Quality Test Stand (BIAQTS) was designed and constructed by the authors and installed at Microbial Insights, Inc. The test stand, shown schematically in Figure 1 , provides the ability to expose a filter to a constant air flowrate (and filtration velocity) which contains a constant concentration of a biocontaminant (bacteria or fungal spores), and to test the efficiency of the filter for removal of the biocontaminant by isokinetically sampling upstream and downstream of the media. Air is pulled into the test stand from the laboratory through two 99.9% HEPA filters in series to provide an air stream with a near zero particle concentration. A TSI Model 3076 Constant Output atomizer is used to atomize water droplets containing a relatively constant concentration of bacteria, fungal spores, or PSL latex spheres. The droplets are then dried in the upper portion of the vertical test stand as they mix with the larger volume of drier air from the HEPA filters. The air flow containing the concentration of biocontaminant then passes down through the test stand, through the filter, and out through a final HEPA filter and regenerative pump and is vented into a laboratory exhaust hood. The vertical filter holder is enclosed in a cabinet which is equipped with a glove box entry as an additional precaution.
The test stand is equipped with three different techniques for quantifying the upstream and downstream concentrations of particulate contaminants. Two sets of upstream/downstream sampling probes are positioned in the test stand to allow isokinetic sampling of the air flow. One set of probes can be used to isokinetically sample into an optical particle counter for sampling of PSL latex spheres or DOP in cases where no bacteria are present. It was not possible to sample bacterial concentrations with the OPC for several reasons. First, the OPC cannot distinguish between viable and non-viable bacteria. Second, a 0.1 molar phosphate buffer solution was required to achieve a sustained bacterial survival over the course of the inoculation period for the bacteria. The buffer solution containing the bacteria was then atomized to create a relatively stable, viable concentration of bacteria in the air stream. Unfortunately, the presence of the buffer produced very high concentration of particles which were not bacteria to which the OPC responded. The concentration of bacteria was in the range of 100 CFU per cubic foot of air flow, whereas buffer itself created several orders of magnitude higher concentrations of particles of a non-bacterial origin.
The second set of probes was used to simultaneously sample isokinetically into two Andersen single stage microbial samplers or into two all-glass liquid impingers (AGLIs) in order to evaluate the bacterial removal efficiency of the filters. Isokinetic sampling at a constant flow rate is important for accurate and quantitative data collection from the BIAQTS airstream. The sampling probes used to extract samples from the BIAQTS into the Andersen and AGLI samplers were sized to provide one cubic foot per minute (1 CFM) isokinetic samples from the test stand when the stand was operated at 15 CFM. The BIAQTS was calibrated using the upstream Anderson microbial air sampler to capture and quantify viable bacteria introduced into the system. Using live biomass (Escherichia coli; ATCC strain #8739) aerosolized and introduced into the BIAQTS at a flow rate of 15 CFM, samples were collected using the microbial samplers for various time periods ranging from 6 seconds to 10 minutes to ensure that the viable counts collected in the microbial samplers increased linearly with increasing sampling time.
Figure 2 CORRELATION BETWEEN TIME (MIN) AND COLONY FORMING UNITS (CFU)
Bacteria are extracted from the test stand into the sampling probe, pass into the microbial sampler through a plate with a uniform array of holes and then impact into a petri dish as the air flow direction changes. Bacteria passing through each hole in the plate impact directly into the petri dish. Viable colony forming unit (CFU) counts were linearly correlated with increased sampling time (r 2 = 0.99; Figure 2 ), indicating that the BIAQTS was running at a constant rate and that the response of the sampler was linear within the sampling times that were to be used. Certain overall project objectives required the need to collect substantially greater numbers of bacteria than could reliably be measured with the Anderson microbial samplers due to the finite number of holes in the impactor plate. For example, it was necessary to sample using the AGLI samplers to acquire sufficient numbers of bacteria to be used to conduct signature lipid biomarker (SLB) analyses on the bacteria. The biomass density per unit volume required for the lipid biomarker analysis at 10 6 total organisms was significantly higher than the upper limit which could be measured with the Andersen air sampler at 10 3 total organisms. The AGLI samplers were actually calibrated for this purpose by placing the Andersen samplers upstream and downstream of the AGLI and evaluating its collection efficiency at the 1 CFM flowrate. The efficiency of the AGLI sampler was determined to be 79 ± 7%. The AGLI samplers are used to quantify bacterial numbers when there is a need to sample high concentrations (>10 4 ) of bacteria such as for lipid biomarker analysis.
Description of Indoor Air Filters
Nonwoven polypropylene filters containing known biocides were generated at the University of Tennessee (UT) Textiles and Nonwovens Development Center (TANDEC). Of the biocides chosen for testing, only one was a solid powder and compatible for combination with the polypropylene prior to the melt-blown process by which the filters were produced. All other biocides (liquids or suspensions) were topically applied to the filters using a spray chamber. The presence of topically applied biocides was confirmed by zone of inhibition testing on a bacterial lawn. The presence of the powder-based biocide was confirmed using a scanning electron microscope equipped with an energy-dispersive x-ray spectrometer (SEM-EDX). In the SEM mode with a high depth of resolution, it is possible to see the individual fibers of the air filter (Figure 3) . Use of the EDX in combination with the SEM provided a quantitative determination of the presence of elements with atomic numbers six and greater. Photographs from the SEM of filters containing the polymer-based biocide showed fibers with "light specks" on the surface and analysis by EDX has shown these to be the biocide. Analysis by EDX also showed that the trend in the amount of polymer-based biocide present within the filters did not correlate well with the relative concentration of biocide which had been added to the polypropylene prior to filter production. This indicated that there was some nonuniformity in the ability to mix the biocide with the polypropylene prior to being meltblown.
The meltblown polypropylene filters used in this study had a permeability of approximately 300 to 450 CFM/ft 2 at 1.3 cm( 0.5") H 2 O. The BIAQTS and the ASTM 1215 test stands were operated at 15
Figure 3 PHOTOMICROGRAPHS OF THE CONTROL (TOP) AND BIOCIDE (BOTTOM) FILTER
CFM and the diameters of the filter holders in each system were 10.2 cm (4 inches). At 15 CFM, the filtration velocity through the filters was 172 fpm (87 cm/s). At this condition, the control filters had a pressure drop of 0.19-0.28 inches of H 2 O. The effective fiber diameters of the control filters were approximately 7 to 8 micrometers in diameter. The pressure drop of the polymer-based biocide-loaded filters and the effective fiber diameters were the same as for the control filters, since this biocide was added to the polypropylene and did not alter the fiber structure. However, significant changes occurred in the filters which were treated with the topically applied biocides. The filters with topically applied biocides had pressure drops ranging from 2.2 to 4.2 inches of H 2 O and effective fiber diameters of 9 to 15 micrometers. Additional study is needed to determine a more effective means of applying the biocides without significantly affecting the filters' flow characteristics.
Results: Filtration Efficiency
The first series of tests involved an evaluation of the effect of seven different biocides on the removal efficiency of the filters. Tests were conducted in the ASTM 1215 test stand to determine the efficiency of the control filter, the polymer-based biocide-loaded filters, and six topically applied biocides on 1 µm PSL spheres. All tests were conducted at a velocity of 172 fpm (15 CFM through the 10.2 cm (4 inch) diameter filters). The results are summarized in Table 1 . As shown in the table, the efficiency of the control filters on 1 mm PSL spheres was 97.7%. The efficiency of the polymer-based biocide-loaded filters ranged from 94.3-96.5% for the 1 µm PSL spheres, indicating that the effect of the biocide on the efficiency was relatively small. This was expected since the pressure drop of the biocide impregnated filters had not changed significantly. The topically-applied biocide-loaded filters had efficiencies varying from 98.6-99.57% suggesting that the efficiencies had increased slightly. This was probably a result of the higher pressure drops of these filters after the biocides were topically applied resulting from a blockage of pores within the filters. 
Figure 4 PHOTOMICROGRAPHS OF THE CONTROL (TOP) AND BIOCIDE (BOTTOM) FILTER
Additional samples of the same filters were then tested in the BIAQTS to determine the removal efficiency for E. coli. bacteria. E. coli. were chosen as test bacteria for their ease in preparation, as well as the fact that they are commonly occurring bacteria. The E. coli. are rod-shaped Gram-negative bacteria which have a diameter to length of approximately 1.1-1.5 µm to 2-6 µm. Tests on the BIAQTS were conducted at the same conditions of the ASTM 1215 tests and are also summarized in Table 1 . Figure 4 shows a graph of the penetration of the E. coli., as measured by the Andersen microbial samplers upstream and downstream of the filter, versus the quantity of polymer-based biocide applied to the filter. The fractional penetration through the filter is equal determined from Table 1 as Penetration = (1-(Efficiency/100)), and represents the portion of the bacteria passing through the filter, where 1.0 represents 100% passage. The polymer counts (as measured by x-ray diffraction analysis--XRDA) is directly proportional to the polymer concentration in the filter. For approximation purposes, the counts ranged from 0-4000 counts, whereas the polymer-based biocide added to the polypropylene ranged from 0 to 1% by mass. The penetration of E. coli. for the control sample in the BIAQTS was approximately the same as that measured previously in the ASTM 1215 stand (0.046 versus 0.023); the efficiencies were 95.4 versus 97.7%. However, in all cases, the efficiencies of bacterial removal on the biocide loaded filters were substantially greater than the efficiencies of PSL sphere removal, as shown in Figure 4 . Efficiencies ranged from 99.5 to 99.87% (penetrations of 0.005 to 0.0013).
The actual cause of this increased efficiency is not completely understood at this time. It was initially proposed that it might be an electrostatic effect associated with the atomizer. To address this issue, tests were conducted on PSL spheres in the ASTM 1215 test stand with and without a charge neutralizer at the test conditions above using the filters. No significant difference was observed, indicating that electrostatic charging of the atomized droplets is not the likely source of the change in efficiency. It was also suggested that the effect might be caused by the Gram-negative nature of the E. coli. However, if that were true, the control sample should have had the same efficiency as the polymer-based biocide-loaded filters. Based on tests to date, it is proposed that the biocide loaded filters not only remove bacteria, but that there is a strong indication that some portion of the bacteria passing through the filter may become sterilized, thus creating the higher effective collection efficiency of the biocide-loaded filters when compared to the control filter. Based on separate research being conducted by Phillips et al. (1995) on indoor air quality filters using PSL spheres and DOP at the same conditions of this study, it has been found that dried particles are substantially less efficient than DOP (oil droplets) of the same diameter, showing that particles at these high velocities representative of indoor air filters exhibit significant particle bouncing as they pass through filters. The dried bacteria present in the BIAQTS would exhibit a similar behavior, suggesting that they would have come in physical contact with multiple fibers as they passed through the filters. This contact may have enhanced the efficiency as measured by the microbial samplers, since the samplers only measure the viable bacteria.
Later tests were also conducted downstream of a control filter and a polymer-based biocide-loaded filter by sampling into an AGLI sampler, after which an analysis was conducted to determine an approximation of the number ratio of total bacterial counts to viable counts. When direct counts (obtained using acridine orange direct counting (AODC)) were compared to viable plate counts (CFUs) following exposure to a polymer-based biocide-loaded filter, the ratio of direct counts to viable counts was far higher for the treated filter (956:1) than for the control (475:1). This is further evidence that bacterial death occurred after flow through the biocide-impregnated filters. Further testing is needed to confirm the source of the observed increases in efficiency.
Efficiency tests were also conducted on six topically-applied biocides in the BIAQTS. These tests showed results which were similar to that of the impregnated filter discussed above, although tests were only conducted at a single loading. As shown in Table 1 , the efficiencies of five of the topically-applied biocide-loaded filters ranged from 99.6 up to 99.99% and were substantially higher than the efficiency of the control filter (95.4%). In this case, however, some portion of this increase may have been attributable to the increased flow resistance and plugging of the filter pores, as indicated by the higher pressure drops of these filters. One of the biocides did not show any substantial increase in efficiency resulting from topical application of the biocide.
Inhibition of Bacterial Growth
To enable detection of biocidal activity on the filters, attempts were made to extract and culture bacteria from the filters after being left overnight on the filters (polymer-based biocide being a slow acting biocide). The filters were vortexed in 0.1 M phosphate buffer containing 0.05% Triton-X 100 (detergent), followed by plating the bacteria onto Nutrient® agar and incubated for 24 hours at 37 o C. While 5.14 x 10 4 CFUs were able to be extracted from the control filter, no CFUs were able to be extracted from any of the biocide-impregnated or topically-loaded filters, demonstrating efficient biocidal activity. There was some concern that this technique may not be an accurate measure of the inhibition of growth on the filter, since the extraction process would also expose the bacteria to biocide which may have been washed from the filter.
In an effort to more fully understand the potential for inhibition of growth on the filters, tests were conducted in which the above biocides as well as additional biocides were sprayed onto samples of the polypropylene filter used in this study. After the filters were dried, small disks were punched from the control and biocide-loaded filters and placed upon tryptic soy agar plates which had been treated with either bacteria or fungi. Two different series of tests were conducted. In the first, 0.1 ml of cells were placed on the agar plates and spread with an "L" shaped rod upon the surface of the agar. In the second set of tests, cells were placed in the agar by mixing them into the agar prior to pouring the agar into the petri dishes (referred to as the pour-plate method). The use of the two different techniques was an effort to provide optimum growing conditions for cells that might prefer significant exposure to air as opposed to less exposure to air (the pour-plate method). After placing the filter disks upon the agar plates, the plates were incubated at either 25 o C or 37 o C for 24 to 36 hours. After incubation, zones of inhibition were determined by measuring the areas of no growth around the disks using calipers. All tests were conducted in duplicate, and a control disk (no biocide added) was included on each plate.
The results of the inhibition tests are shown in Table 2 The control filters showed no zone of inhibited growth on any of the plates that were tested. The zone of inhibition for the various biocides ranged from no measurable zone of inhibition to greater than a 40 mm diameter zone of inhibited growth, depending on the biocide and the type of microorganism being tested. Biocides D and O showed superior inhibition to all microorganisms that were tested whereas Biocides H, I, and J were similar to the control samples with no zone of inhibited growth. There was some evidence that the zone of inhibition may have been related to the degree of solubility of the biocide in water. While this type of test would favor such biocides, it is also true that this type of biocide would probably perform better within a filter which was placed in a humid environment such as occurs in HVAC systems. So the test, although sensitive to the solubility of the biocide is probably a good indicator of the performance that might occur in filter applications. A final test was conducted on samples of each of the biocide-loaded filters listed in Table 2 to determine the effect, if any, of the degradation of the biocide when exposed to light for 14 hours. The results of these tests showed that there was no effect on any of the biocides due to exposure to light for the period tested. However, the long term stability of the biocides was not tested, and is an area for future study. Data collected in which the incubation period was held at 37 o C were not included in this paper since the results were very similar to those obtained with an incubation period of 250C.
Conclusions
A Biocontaminant Indoor Air Quality Test Stand was successfully designed and constructed which provided the ability to evaluate the removal efficiency of filters which had been loaded with biocides. An evaluation of the filters showed that effective biocides were identified which had the ability to effectively remove a variety of microorganisms, including bacteria and fungi. In all but one of the eight biocides which were tested for bacterial removal efficiency using E. coli, the removal efficiencies were found to be significantly greater than were achieved with the control which contained no biocide. In the case of the polymer-based biocide, there was some indication that the increased efficiency may have been due, in part, to bacteria which passed through the filter, but whose ability to form CFUs had been inhibited. In the case of the topically applied biocides, the enhancement in efficiency may have been due to the biocide being applied to the filters, increasing the pressure drop and blocking the pores.
Fourteen of the biocides-loaded filters were evaluated to determine if the biocides created a zone of inhibited growth near the filters when exposed to a variety of microorganisms. Eleven of the biocides showed a zone of inhibition on at least some of the organisms. Two of the biocides showed significant zones of inhibition for all of the microorganisms tested.
